Unravelling the dynamics of land-use change is key to assess the environmental and socio-economic impacts of land-based strategies regarding climate or energy. In this prospect, 
Introduction
erage less and less suited for crop production. Most importantly, we take into account crop-livestock interactions and their implication for the substituability between pasture and cropland areas. By doing so, we intend to provide insights on some key questions to project future land-use change: how yields change through input use? How expanding on marginal lands affect mean yields? How production is reallocated over the world regions? We first provide an analytical decomposition of land-use changes from an external shock in agricultural demand. This decomposition distinguishes land-use changes resulting from the production shock from those which result from price-induced effects.
The market-mediated effects considered are: (i) changes in yield due to input use and to expansion on marginal lands; (ii) changes in the production allocation among countries and sectors (crop and livestock); and (iii) changes in final demand. We then undertake a numerical analysis using the Nexus Land-Use (NLU) model (see Souty et al. (2012) and Section 3.1.1), which is a global partial equilibrium model of land-use combining biophysics and economics, for a scenario of biofuel scenario produced from rapeseed in Europe. The sensitivity of the dynamics of extensification and the potential of intensification is also assessed by testing a range of key model parameters.
Analytical decomposition of land-use change
Demand or supply shocks induce a complex mechanism of producers' and consumers' decisions driven by changes in price signals. Following Hertel et al. (2010) , price-induced effects on land-use can be summarized as follows: (i) reallocation of production among countries (through international trade) and agricultural sectors (substitution among crops, substitution between grass and crop to feed livestock); (ii) crop yield changes resulting from the combined effect of the intensive margin (mainly from changes in use of inputs) and the extensive margin (referring to the reduction in average yield as less productive lands are brought into cultivation); (iii) changes in final biomass demand (see Fig. 1 ). The arrow between the "Demand/supply shock" box and the "Reallocation of production" box refers to the by-products effect. Note that each component of this scheme may feedback to influence another through the price channel. Arrows depicting possible feedback effects are not shown for clarity.
The conceptual framework shown in Fig 
By adding and subtracting
, Eq. 2 can be decomposed as follows: , we get the following expression:
If Q F i is defined as: :
which gives:
In Eq. 7,
refers to the land-use changes due to the changes in crop yield from the intensive margin (input use).
corresponds to the land-use change due to changes in crop yield from the extensive margin (marginal lands).
refers to the land-use changes due to changes in trade balance ∆Q . These three effects are marketmediated effects resulting from the changes in prices, contrary to 1 i =c
which corresponds to the land-use changes due to the production shock and its possible by-products.
3 Numerical estimation 3.1 Material and method
NLU short description
The analytical decomposition of land-use change displayed on Eq. 7 is numerically estimated using the NLU model. NLU is a partial equilibrium model in which the agricultural sector is divided into 12 regions of the world, inter-connected with each other by international trade. This model belongs to the family of economic models which provide a more detailed representation of market mechanisms than geographic models (see e.g., Hall et al., 1995; Žiga Malek et al., 2018; Ke et al., 2018) , at the expense of a coarser modelling of local land-use dynamics (e.g., neighborhood or stratification effects). Economic models are for this reason particularly adapted to regional to global scales, while geographic models are mostly applied to local to regional scales (Heistermann et al., 2006) .
NLU provides a simple representation of the main processes of agricultural intensification for crop and livestock production: the substitution between (i) land and fertiliser for the crop sector and (ii) grass, food crops, residues and fodder for the livestock sector. It does so by minimising the total production cost under a supply-use equilibirum on food and bioenergy markets. A detailed description can be found in Souty et al. (2012) or in Brunelle et al. (2015) . Main model equations are also given in SI. We sum up in this section some key features for a better understanding of the following results. Two categories of crops are distinguished in NLU: "dynamic" crops, corresponding to most annual crops (cereals, oilseeds, sugar beet and cassava), and "other" crops corresponding mostly to perennial crops (e.g., sugar cane, palm oil and some fodder crops). All categories of crops are aggregated based on their calorific values. Considering crop aggregates rather than modelling separately each crop type makes it possible to simply represent rotation constraints. Cropping intensity is assumed to be constant over the simulation period. The evolution of cultivated areas and yields for "other" crops are determined exogenously. On the other hand, "dynamic" crop yields are endogenously determined, taking into account biophysical constraints and the amount of fertilizer used. For 2001 (model base year), total cropland area amounts to 1472 Mha at global scale, divided between 748
Mha of "dynamic" crops and 724 Mha of "other" crops. Production on "dynamic" cropland represents 87% of the global calorie production.
The intensive margin is modelled with a non-linear response of yield to fertiliser inputs.
The asymptote of this function corresponds to the potential crop yield given by the vegetation model LPJmL (Bondeau et al., 2007) . The minimum yield and the slope at the origin are calibrated so as to minimise the model error between historical and modelled yields area over the period . The fertilizer price is calculated based on energy prices (oil and gas) following an econometric method detailed in Brunelle et al. (2015) .
Modelling the dynamic of the extensive margin is particularly challenging as it requires information on the conversion costs which are difficult to obtain at the global scale. To circumvent this problem, we represent the extensive margin using regional land distributions of potential yields 1 . These distributions are calculated by mapping the land-use dataset from Ramankutty et al. (2008) on the potential yields from the vegetation model LPJmL (see Souty et al. (2012) and SI for more details). They are used to model a Ricardian production frontier splitting agricultural lands into two parts: an intensive system, composed of a mosaic of crops and pastures, and an extensive system, exclusively composed of pastures. The expansion of one system on to another depends on their relative profitability:
the intensive system uses relatively less land and more fertiliser input than the extensive one, it is thus at an advantage when the land price rises or the fertiliser price falls. The base year data shows that a fraction of extensive production remains in the intensive livestock production system. This residual pasture production highlights a failing in our theoretical modelling framework, that prevents us from making a clear division between the intensive and extensive systems. These deviations can be related to geographic constraints such as accessibility issues, or to institutional features related to laws on land property rights. In NLU, this type of pasture, called "residual", can be converted to the intensive system given a parameter, labelled "accessibility parameter" in the remainder of the paper, calibrated so as to minimise the model error between historical and modelled cropland area over the period 1961-2006. International trade is modelled by using a pooled representation without any consideration of the geographical origin of goods. Imports and exports are determined based on relative regional calorie prices (see Souty et al. (2012) for more details).
An evaluation of the model performances over 1961-2001 is provided by Souty et al. (2013) .
Regional estimates of the extensive margin
The reduction in average yield as less productive lands are brought into cultivation, usually referred as the "extensive margin" is sometimes modelled in quite ad hoc manner while this parameter can have a large influence on the projected land-use change.
Following Taheripour et al. (2012) , the mean value of the extensive margin (i.e., substitution elasticity between additional and current cropland areas) in a given region can be calculated as the ratio of mean potential yields on extensive pasture and on cropland. In NLU, the extensive margin is endogenously modelled using regional land distributions of potential yields. To compare our results with the estimates obtained by Taheripour et al.
(2012), we use land-use data from Ramankutty et al. (2008) and potential yields data from 1 Potential yield corresponds to climatic potential yields taken as a mean of five LPJmL simulation years between 1999 and 2003 in order to minimise the climatic bias due to interannual variability. Potential yields are approximated via 3 parameters (i) the maximum leaf area index potentially achievable by the crops (ii) a scaling factor between leaf-level photosynthesis and stand-level photosynthesis, and (iii) the harvest index LPJmL. Estimates of potential yields are detailed in (Bondeau et al., 2007) and Souty et al. (2012) . In addition, we use data from Bouwman et al. (2005) to distinguish between intensive and extensive pastures. To reflect the bottom-up processes of livestock production, we consider, consistently with Bouwman et al. (2005) , that only extensive pastures can be converted into cropland, while conversion of intensive pastures, which are complementary inputs of cropland as they produce grass in complement to food crop to feed animals, is not feasible. Obtained values for the 12 model regions are reported in Table 1 and compared with ranges of estimates from Taheripour et al. (2012) (see region map in SI). Table 1 shows that the estimates used in NLU are often well below the range given by Taheripour et al. (2012) . They are also generally lower than the parameter used by Hertel et al. (2010) (0.66) . The use of different datasets of land-use and potential yields is a first source of discrepancies. Indeed, there are substantial variations in global land cover maps , as well as in potential yields and net primary productivity estimates. An other significant source of discrepancies originates from the asumption that intensive pastures cannot be converted into cropland. Following Bouwman et al. (2005) , these pastures are located in mosaic with cropland, thus rather on the most productive lands. Depending on the regions, and their more or less intensive pattern of livestock production, preventing the conversion of intensive pasture into croplands amounts to removing a significant fraction of highly productive pastures from the equation, which mitigates substantially the extensive margin. By comparing the second and third column of Table 1 , we see that excluding the intensive pastures reduces the extensive margin by up to -45% in China.
Sensitivity of results to key model parameters
Among the different market-mediated effects resulting from an external shock on the agricultural system, the response in crop yield is considered as the most uncertain (Gohin, 2014) . To have a better view on the role of the response in crop yield, we performed a sensitivity test by varying the values of two model parameters: (i) the slope at the origin of the yield-fertiliser function; and (ii) the accessibility parameter governing the availability of extensive pasture for crop production. We emphasise that we calculated here a sensitivity, not an uncertainty, because we cannot associate the range on which the sensitivity test is performed with any probability distribution. Our best guess corresponds to the default model calibration.
The sensitivity in the first parameter highlights the influence of the intensive margin.
The slope at the origin of the yield-fertiliser function drives the cost of increasing crop yields: the lower the slope, the greater the cost of increasing yields. While there is some consensus on the form of the function, there is no agreement regarding the current position of world agriculture on this curve. To map a part of this divergence, we used two calibrations of the yield-fertiliser function. The first one corresponds to the NLU default case, which is rather pessimistic (i.e., a number of world regions are already relatively close to the asymptote). In the second variant, the yield-fertiliser function is calibrated to reproduce approximately the aggregate crop yields and fertiliser consumption given for 2050 given by the 2012 FAO projections of Alexandratos and Bruinsma (2012) . This second case is seen as rather optimistic (i.e., regions are relatively further from the asymptote). Regional slopes at the origin in 2050 in both variants are shown in Supplementary Information.
The sensitivity on the accessibility parameter of residual pastures (i.e., extensive pas- tures located on best lands) provides the error on the extensive margin. In the first model run, the parameter was fixed at their calibration value; then, it was progressively relaxed.
In NLU, the annual conversion rate of the residual pasture into intensive pasture/cropland is linearly related with the pressure on land (approximated by the land rent) up to a maximum of 1% based on benchmark simulations over 1961-2006 (see Souty et al. (2013) for more details). For our sensitivity test, we increase this maximum to 5%, 10% and 20% 2 .
Overall five variants have been tested (fixed, 1%, 5%, 10% and 20%).
Scenario
In this paper, we estimate the analytical decomposition of land-use change by simulating a supply shock. This shock corresponds to a yearly demand for first generation biodiesel energy to be produced by winter oilseed rape (WOSR) increasing linearly from 2001 to 2030
to reach 4 Mega tons oil equivalent (Mtoe) per year of biodiesel (160 PetaJoules). The shock in production is assumed to take place entirely in Europe. Thus, Europe may import crops which have been substitued by WOSR for biofuel, but is assumed not to produce biofuel with imported WOSR. This additional production is implicitly assumed to result from public subsidies, however no assumption is done about the type of it (tax credit, mandate or others) and no associated financial flux is represented in this partial equilibrium framework.
The purpose of this scenario is not to provide another estimation of ILUC from first generation biofuel. The WOSR scenario has been chosen as it is a rather standard one and is easily comparable with estimates available in the academic literature. As an example, the food scenario used in this study is based on the projections provided by Alexandratos and Bruinsma (2012) and deforestation rates follow the trends observed over
2001-2010.
As NLU includes only two representative crops for each region, the model was adapted to simulate the effects of a demand shock for a single product (biodiesel from WOSR) on model outputs. The new version of the model thus includes a specific crop in addition to the representative crops already defined.
Since we focus on WOSR produced in Europe, the land classes involved in WOSR production were identified on the basis of the overall energy yields achieved by crop rotations that include this crop. Crop yields are derived from the LPJmL global ecosystem model, and the yields of the crop rotations including WOSR were derived from the French official statistics agency, Agreste. For simplicity, we assumed only one crop rotation (WOSRwheat -barley) in Europe, which is the most common. A distribution of current areas dedicated to producing this specific crop on the identified land classes was subsequently set up. When a demand for biodiesel exists, the expansion of its area follows this distribution and takes place on "dynamic" croplands.
The demand for WOSR was forced by exogenous scenarios (4 Mtoe to 2030, see infra).
Food produced in the rotation (wheat and barley) was used to meet food demand, while the quantities of co-products produced with WOSR (i.e. WOSR meal) were added to the livestock feed pools based on their energy content.
Let us note that the assumption made in this section concerns only the WOSR production. The representative aggregate of annual crops described in section 3.1.1 is characterised by its own rotation constraints and delivers its own quantities of co-products.
Results
Results are presented both at the global and regional scales. We display first the general principles at the global scale before detailing the regional results.
Global scale
Total land-use change (LUC) relative to the reference scenario is shown on We performed an analysis of variance (two-ways non repeated ANOVA) to estimate the contribution of each tested parameter to the error. As a reminder, we tested two variants for the slope at the origin of the yield-fertiliser and five variants on the accessibility parameter (see Section 3.1.3). As shown in Table 2 , 2% of the total variance is explained by our variants on the yield-fertiliser function and 92% by our variants on the accessibility parameter. This result is not surprising as we have much less information on the dynamic of crop expansion (in terms of conversion costs or historial datasets) than on intensification patterns. Interactions between both parameters is included in the residual and account for less than 6% (its exact value cannot be calculated as we have non-repeated measures).
Figure 3 corresponds to the numerical evaluation of Eq. 3. It shows that net LUC results from 3800 kha of additional land due to the production changes partially offset by 2000 kha of spared lands due to yield changes. The mechanism of LUC due to yield change is presented in Fig. 4 . LUC due to yield change results from a land gain of 3900 kha due to higher fertiliser use, reduced by 1850 kha because of the lower productivity of newly converted cropland. On this point, our study is more optimistic than that of Hertel et al., who found that the increase in yields due to higher prices, and hence higher fertiliser use, is almost completely balanced out by the lower productivity of the marginal land that has been brought into use.
The functioning of LUC resulting from production change is more complex (see Fig. 5 ).
The initial shock in WOSR production entails a need for land of ∼4100 kha. WOSR meal replacing the use of crops to feed animals reduces this amount of land by ∼1500 kha. International trade plays a significant role in the net LUC at global scale even if the balance of trade remains equilibrated as in the reference scenario. The reallocation of production to regions with lower crop yields leads to an increase in land use of ∼700 kha. International trade should, however, not be understood as having an adverse effect on LUC, as reallocat- Figure 2 : Global net land-use change due to the biofuel production shock: NLU default run (solid line) and range of the sensitivity tests (grey shaded area). Vertical bars on the righthand side represent range of the sensitivity tests for each specific effect.
ing the production among regions makes it possible to benefit from unused productivity gain potential and to achieve larger yield increases. Finally, the increased pressure on land resulting from a shock in biofuel production triggers a higher intensification of livestock production, in addition to that of crop production. As a result, grass is substituted by crops in the animal feed ration. Intensifying the livestock production makes it possible to spare pasture lands to some extent, but generates an additional demand for cropland. We estimate this additional demand as about 200 kha.
By bringing together Fig. 4 and Fig. 5 , we get the overall decomposition of land-use changes relative to the reference (see Fig. 6 ). This graph corresponds to the numerical evaluation of Eq. 7.
Regional scale
Results at the regional scale are shown in Fig. 7 . As expected, the largest LUC, as well as the Pacific is the only region where yield loss from conversion of marginal land is larger than yield gain from increased fertiliser use. In other regions, the former effect amounts to a maximum of ∼50% of the latter one (in Rest of Asia, Europe and Latin America) and to a minimum of 2%-5% in Canada and Brazil.
Looking at the LUC mechanism shown in Fig. 8 provides a more detailed picture of indirect effects from a biofuel shock. We see in particular how yield responses drive the size of LUC in each region: in some regions, changes in production are largely compensated by yield increases, thus limiting the size of LUC. This is especially the case for Africa, which experiences smaller LUC than OECD Pacific, FSU, and Rest of Asia in spite of a larger production change. Other regions are conversely characterised by low yield responses, leading to relatively large LUC. This is especially the case of OECD Pacific, where the additional production leads to a decrease in the mean yield, as yield losses due to the cultivation of The values reported in Table 3 make it easier to understand why some regions are more or less yield-responsive than others and to elucidate some counter-intuitive results. We were, for instance, expecting a much larger area response for Canada, as this country has important reserves of unused lands. This land is, however, forested, while areas of extensive pastures, on which cropland area can actually expand in NLU, are small both in absolute and relative terms. Note that the deforestation scenario used in this study reproduces past trends, and therefore assumes a 0% deforestation rate for Canada. This explains why 
Conclusion
In this paper, we have shown that LUC from an external shock to supply or demand can be arithmetically decomposed as the sum of LUC from production changes and LUC from yield changes. Both types of change can be further arithmetically decomposed. Each element of this LUC decomposition has been estimated using the NLU model in the case of supply shock of 4 Mtoe of winter oilseed rape. We estimated that the global land-use change from this supply shock amounts to 1730 kha, with an error ranging from 170 kha to 3000 kha.
These results are rather on the upper range of the estimates given by the literature. One explanation lies in our estimates of the extensive margin which are generally lower than those given in the existing literature (Hertel et al., 2010; Taheripour et al., 2012) . This discrepancy results from the consideration of crop-livestock interactions and the asumption that intensive pasture, which produce grass in complement to food crop to feed animals, are not substitutable for cropland. As a consequence, this paper finds that nearly half of the yield gains from the increased use of fertiliser (in response to price) are compensated by yield losses originating from the conversion of marginal lands for crop production.
Our sensitivity analysis shows that most of the variance is explained by the sensitivity on the accessibility parameter. The consideration of land accessibility for estimating the extensive margin is a limitation which was flagged by Taheripour et al.. In this paper, we make a step forward by constraining the availability of extensive pasture for crop production. The constraint is progressively relaxed over the simulation in response to the growing pressure on land (approximated by the land rent), however this modelling is still coarse and associated with large uncertainties. In this regard, significant progress could be made by including land accessibility dataset in our modelling framework (e.g., from Verburg et al.
(2011)).
Beyond numerical results, this paper also brings some insights that enable us to better understand the LUC mechanism linking production change and yield change, as well as the intensification/extensification patterns of the different world regions. This latter point is key to correctly predicting land-use change. It remains however controversial among the main global models of land-use as evidenced by the large discrepancies on the implicit aggregate model elasticities calculated by Nelson et al. (2014) . The analytical framework proposed in this study proved useful to explain the regional intensification/extensification patterns and could be used as a diagnosis procedure to make the different processes modelled in numerical experiments more explicit.
We have applied our methodology to first generation biofuel which is still the critical method of producing biodiesel fuel even though the recently revised European directive on renewable energy has set a 7% cap on the amount of first generation biofuel that can be counted towards the 10% target for renewables in the transport sector. First generation biofuel is however only an example of application. It received our preference because of the wide availability of references to which to compare our results. The methodology developed in this paper could be used for other types of change affecting the agricultural system, in particular second generation biomass energy in which the plant cellulose is also used. Large-scale production of eucalyptus or miscanthus is indeed a strong option for producing the negative greenhouse gases emissions which are key to reaching the lowest pathways of global temperature change. Even if such bioenergy crops are deemed as not generating ILUC, their land-use impacts are however still unclear.
Significant limitations to this work should be mentioned. First, we do not take into account possible change in final demand in response to price change whereas this effect accounts for around 20% of the market-mediated effects estimated by Hertel et al..
Also, composition effects resulting from substitution among crops are not correctly taken into account as we consider a unique representative crop. Our results on global land-use change could be overestimated because of these two limitations.
